We reported the synthesis of nanosilica/poly(acrylate) (PA) core-shell hybrid latexes via emulsion polymerization with nanosilica as the core and acrylic copolymer as the shell. Firstly, the nanosilica was surface-functionalized with the coupling agent 3-aminopropyltriethoxysilane (APTS). Then the nanosilica tethered APTS (SIAP) further connected to acrylate monomer by covalent bond during emulsion polymerization, leading to the formation of nanocomposite PA latexes. The microstructures of obtained nanosilica/PA hybrids (SIAP/PA) were characterized by attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR), FT-IR imaging, transmission electron microscopy (TEM) and atomic force microscopy (AFM) in detail. The FT-IR imaging indicated the perfect compatibility between the core and the shell. Additionally, the properties of hybrid films were investigated by water contact angle analysis and mechanical property measurement. The SIAP/PA composites exhibit hydrophobic behavior, enhanced tensile strength (about 1.5 times) and high elongation (1262%).
Introduction
In past decades, the mixing of inorganic particles with polymers to form composite materials has become a rapidly growing research area because of their extensive scientific and industrial interests [1] . However, the nanosized particles typically aggregate and so lead to the undesirable properties of nanocomposites. There is a critical need for avoiding both phase separation and nanoparticles aggregation in the polymer matrix [2] [3] [4] [5] [6] . To this end, considerable efforts have been devoted to the design and controlled fabrication of nanoparticles/polymer composites materials with desirable combination properties [7] . To be specific, enhancing interfacial adhesions between the organic polymers and inorganic nanoparticles has been paid much attention. On the one hand [8, 9] , preformed macromolecules are precipitated and adsorbed onto the surface of inorganic particles by means of solvent evaporation or electrostatic and chemical interactions. On the other hand [10, 11] , polymerization is performed directly in the presence of the inorganic particles, including covalent attachment of end-functionalized polymers to a reactive surface ("grafting to") [12] , and in-situ monomer polymerization with monomer growth of polymer chains from immobilized initiators ("grafting from") [13] . Among these methods, emulsion polymerization may be one of the most effective procedures for the preparation of these nanocomposites [14, 15] . It presents several advantages in controlling and constructing morphologies of the nanocomposites, such as daisy-shaped [16] , raspberry-like [17, 18] and core-shell [19, 20] . Reculusa and co-workers [16, 17] reported the synthesis of silica/polystyrene nanocomposite latexes via emulsion polymerization in the presence of nonionic surfactant, initiator, and prefunctionalized silica beads, involving daisy-shaped, multipod-like and raspberry-like structures. Wu et al. [18] synthesized raspberry-like hollow silica spheres through a dual latexsurfactant templating method. They found the silica hollow spheres behaved hierarchical structures. In addition, core-shell colloidal particles and nanocomposites with different interesting morphologies have also been reported in numerous literatures. Mahdavian et al. [19] prepared the latex containing core-shell nanostructure hybrid of copolymer and inorganic nanoparticles via semi-batch emulsion polymerization. Liu and coworkers [20] synthesized monodisphere silica/polydivinylbenzene (silica/PDVB) and silica/poly(ethyleneglycol dimethacrylate) (silica/PEGDMA) core-shell hybrid microspheres with 3-(methacryloxy) propyltrimethoxysilane (MPS) functionalized silica as core and PDVB or PEGDMA as the shell. Although a wealth of effort has been paid on the incorporation of silica nanoparticles into acrylate copolymers, it still remains relatively unexplored with respect to the mechanism and morphology of nanocomposites.
In the present work, we reported the synthesis of nanosilica/polyacylate hybrid latexes (SIAP/PA) via emulsion polymerization, in which nanosilica was used as the core and acrylate copolymer as the shell. To facilitate polymerization in the inorganic particles surface, nanosilica was functionalized with 3-aminopropyltriethoxysilane (APTS), allowing it to contain the polymerizable groups. By aid of assembly between organic polymers and inorganic particles, the micro-Brownian motion of the organic polymer was confined due to the formation of organic-inorganic network and synergistic effect of the inorganic and organic polymers would produce. In pursuit of exploring the mechanism and morphology of nanocomposites hybrid latexes, we used FI-IR imaging (3D) to investigate the morphology of hybrid latexes. FT-IR imaging has emerged as an additional powerful tool to characterize the distribution of different chemicals in heterogeneous materials [21] . The coupling of a FT-IR spectrometer to an optical microscope with an array detector FT-IR provides a unique methodology to study the relative amount, nature and distribution of the specific chemical bond in the whole component [22] .
Results and discussion
SIAP/PA hybrid latexes were synthesized by core-shell emulsion polymerization, where nanosilica with the average diameter of 40 nm was used as core and the acrylic copolymer as the shell. The schematic synthesis of SIAP/PA was presented in Scheme 1. Firstly, the nanosilica was surface-functionalized with the coupling agent APTS which contains the group of NH 2 (CH 2 ) 3 -Si-(OCH 2 CH 3 ) 3 . Hydrolysis of oxyethyl groups produced silanols Si-OH, allowing APTS to bind onto the surface of nanosilica through condensation [23] . After that, the nanosilica tethered APTS (SIAP) containing active amine group could further react with double bond of acrylic monomer during emulsion polymerization to produce nanocomposite hybrid polyacrylate latexes. Importantly, this grafting approach could lead to the formation of raspberry-like structures, which could be tailored by the design core-shell structure of the nanosilica polyacrylate hybrid latex.
To gain better understanding of the encapsulation process of APTS onto the silica surface and the process of PA grafting onto the modified nanosilica surface, FT-IR spectra were used to confirm their chemical structure. Fig. 1a , 1b present the FT-IR spectra of nanosilica SP and SIAP, respectively. On comparing Fig. 1a with Fig. 1b , it has been noted that the intensity of the characteristic peak of Si-OH at the wave number of 3450 cm -1 decreases with the addition of APTS. Moreover, the strong Si-O-Si absorption at about 1100 cm -1 and the characteristic peak of amino-group of APTS at 3290 cm -1 appears in Fig. 1b . This can be explained by the fact that APTS has been effectively tethered onto the surface of nanosilica. Scheme 1. Schematic illustration for the formation of nanosilica/PA hybrid latexes. ATR-FTIR and FT-IR imaging (3D) were performed to probe the assembly of nanosilica and acrylate copolymer on molecular level. Images based on mid-infrared spectral differences and changes generated using FT-IR microscopy instrumentation fitted with focal plane array (FPA) detectors have increasingly become useful to highlight chemical structure variations and/or morphology gradients in many materials [24, 25] . As shown in Fig. 2b and Fig. 2c , the FT-IR images display homogeneous domains, which may indicate that the Si-O-Si group has migrated to the film-air interface to some extent and its distribution on the surface of SIAP/PA film appears to be generally homogeneous. Fig. 3a shows a strong absorption band at wave number of 1729 cm -1 , which can be attributed to the stretching vibration of the carbonyl groups. The high adsorption of the carbonyl group indicates high percentage of acrylic polymer in the hybrid latexes. The presence of acrylic copolymer is also confirmed by the absorption band at the wave number of 1448 cm -1 , which is characteristic of the gauche conformation of the alkyl chains [26] and resulted from the acrylic copolymer in the hybrid latexes. To investigate component distribution of acrylic copolymer and the possible phase separation, FT-IR imaging (3D) at the wave number of 1729 cm -1 for the carbonyl group was performed. It can be observed from Fig. 3b and Fig. 3c that the surface of SIAP/PA film appears to be generally homogeneous in terms of carbonyl group. These can further confirm the well-defined morphology that exists between nanosilica and acrylic copolymer, which is consistent with the result in Fig. 2 . Scheme 2. Schematic latex particle formation and microstructure of nanosilica/PA hybrid latexes. Fig. 4 . TEM micrographs of (a) nanosilica/PA hybrid latex (0.5 wt% SiO 2 ) stained with OsO 4 (×150,000) and (b) the corresponding higher magnification for nanosilica/PA hybrid latex (×320,000).
The schematic process of SIAP/PA hybrid latexes is shown in Scheme 2. The SIAP nanoparticle was first dispersed in water, along with nonionic surfactants. After surfactants being absorbed on the surface of nanosilica, the initiator and acrylate monomers could be tethered on the nanosilica core, allowing the emulsion polymerization to perform on the surface of SIAP and then to carry out the grafting reaction between SIAP and acrylate monomers. However, when the surfactant concentration reached a threshold value, i.e. the critical micelle concentration (CMC), the excess surfactants along with acrylate monomers could also form micelles to further produce pure polyacrylate polymer during emulsion polymerization. The schematic process of SIAP/PA hybrid latexes was further verified by TEM. Since all latex samples for TEM measurement were treated by osmium tetraoxide embedding, as seen in Fig. 4 , the TEM images indicate that the nanosilica beads are surrounded by the PA latexes, the average particle size of which is about 130 nm. The morphology of nanosilica hybrid particles displays the raspberry-like structure. In addition, the PA shell layer tethered on the nanosilica has good compatibility with the PA latexes, protecting nanosilica aggregation and allowing consequently nanosilica particles to well disperse in the hybrid latexes. The result is also in agreement with the FT-IR imaging.
To investigate the superficial properties of the native PA and SIAP/PA hybrids, the films were prepared by spin-coating the corresponding latex onto clean glass substrates, respectively, and drying at room temperature. Fig. 5 shows the influence of silica nanoparticles concentration on contact angles (CA) of SIAP/PA films and the shapes of water droplets on the surface of the samples are inserted. Compared with the CA (76°) on the native PA film, the CA value of the transparent SIAP/PA films enhance with the increasing of concentration of silica nanoparticles and it reaches to 95° (SiO 2 = 1.5 wt%), indicating that the well-dispersed spherical silica nanoparticles formed on the surface enhanced the roughness and its hydrophobicity. The results of atomic force microscope (AFM) also provided the surface microstructures of SIAP/PA film. The SIAP/PA film (SiO 2 =0.5 wt%) was prepared with the spin coater and the surface morphology of the resulting film was determined by AFM in contact mode. The resultant PA matrix with nanosilica shows morphology with lots of homogeneous well-dispersed mounds in the film (Fig. 6a) . This is also confirmed by the three dimensional representation of AFM image in the hybrid film (as shown in Fig. 6b ). The height profile of the AFM image for the SIAP/PA film is presented in Fig. 6c . We calculated the lateral size of the mound in cursor A to be 77.15 nm. Also, the mounds of the film have, on average, a height of 2-5 nm and a diameter of 70-100 nm as estimated from AFM image. In addition, silica nanoparticles were half-embedded in the SIAP/PA films during the process of the formation of films, which increase the roughness of the as-prepared hybrid surface. Consequently, the CA value of SIAP/PA film was enhanced because of the synergistic action between PA and silica nanoparticles [27, 28] (the schematic diagram as seen in Scheme 3).
In addition, the functionalization of nanosilica plays an important role in the mechanical properties of SIAP/PA films. Tab. 1 lists the tensile strength and elongation of native PA, SP/PA and SIAP/PA films (SiO 2 = 0.5 wt%). Obviously, the mechanical properties of SIAP/PA latex film remarkably precede native PA film and SP/PA. The tensile strength of SIAP/PA hybrid latex film can be enhanced to 3.77 Mpa, 1.35 times as that of SP/PA latex film and its elongation reaches to 1191%, about three times as that of SP/PA latex film. This is attributed to the formation of chemical bond between polyacrylate and SIAP. It indicates that the polyacrylate grafted to the nanosilica has a good compatibility with the PA latexes. Therefore, the functionalized nanosilica SIAP may disperse uniformly in the polymer matrix on molecular scale so as to bring about the synergistic effect of strength and toughness, in order to improve its mechanical properties. On contrary, the mechanical properties of SP/PA film are even worse than those of native PA film as seen in Tab. 1. That is because active OH-group on the surface of unmodified nanosilica SP could cause the aggregation between particles. Consequently, the stress concentration generated by the heterogeneous dispersion of silica in the film is primary reason for causing deteriorated mechanical properties of SP/PA film. Further, the content of silica nanoparticles has also an influence on the mechanical properties of SIAP/PA hybrid latex films. It can be seen from Fig. 7 , there exists a maximum value for the tensile strength and elongation of SIAP/PA hybrid latex films. The tensile strength of native PA latex film is about 3.49 Mpa, and its elongation at break is 378%. When silica nanoparticles content is 0.2%, the elongation and the tensile strength of latex films are up to the maximum values at the same time, i.e. the tensile strength is 5.09 Mpa, 1.49 times as that of native PA latex film, and the elongation is up to 1262%, 3.34 times as that of native PA latex film. However, the aggregation of excess nanosilica is easy to cause stress concentration in the film, which will result in the mechanical properties decreasing.
Conclusions
In this work, core-shell SIAP/PA hybrid latexes have been successfully synthesized via emulsion polymerization by using functionalized nanosilica SIAP as the core and acrylic copolymer as the shell. FT-IR characterization verified that the coupling agent APTS can tether PA matrix by covalent bond, and FTIR imaging exhibited the homogeneous distribution of the encapsulated nanosilica in the hybrid films. Moreover, the mechanical properties of hybrid films were investigated, indicating that SIAP/PA hybrid films had superior mechanical properties compared with those of SP/PA samples and the content of silica nanoparticles had a deep influence on the mechanical properties of hybrid latexes. When the content of SIAP was 0.2 wt%, the elongation and the tensile strength of latex film reached the maximum value simultaneously. TEM images displayed the raspberry-like morphology of core-shell latex particles. And, the results of AFM revealed that the nanosilica particles were half-embedded in the SIAP/PA films during the film formation. The process effectively enhanced the roughness of the film and the CA value of latex films increased from 76° (native PA film) to 95° (SIAP/PA film).
Experimental

Materials
Fumed spherical silica (specific surface area: 160 m 2 /g) with a particle size of about 40 nm was purchased from Mingri Nanomaterial Co. Ltd (Zhejiang). 3-Aminopropyltriethoxysilane (APTS), ammonium persulfate, nonionic surfactant (TX-10), anion surfactant (MS-1), methyl methacrylate (MMA), butyl acrylate (BA) and acrylic acid (AA) were all of analytical grade purity and used as received.
Preparation of APTS functionalized silica (SIAP)
The surface modification of the silica was achieved according to the following procedure. Fumed spherical silica (SP) (10 g) was firstly dispersed in 400 g toluene and exposed under ultrasound till the formation of the transparent solution (about 30 min). After that, the mixture was heated to 120 °C and added 4.5 g APTS in drops under mechanical stirring. Subsequently the mixture was refluxed for 12 h with vigorous stirring to promote covalent bonding occurrence between the organosilane and silica nanoparticles. Finally, the product was subjected to repeated dispersewash-centrifuge cycles in methanol and was dried under vacuum overnight at 80 o C. The amount of APTS incorporated onto the silica surface could be calculated according to the following formula:
where W 1 is the weight of APTS, m is the coefficient (multiple) [3] , W 2 is the weight of silica, A 1 is the specific surface area of silica (160 m 
Preparation of nanosilica/polyacrylate hybrid latexes (SIAP/PA)
The preparation of nanosilica/polyacrylate hybrid latexes (SIAP/PA) was carried out by emulsion polymerization in a four-neck round flask, where the SIAP nanoparticles were dispersed by nonionic surfactant (TX-10). SIAP (0-2.5 wt% of monomer) and 0.5 g TX-10 was dispersed in 10 g distilled water. After stirring for half an hour, 0.5 g ammonium persulfate solution and 10 g monomer mixture (57 wt% BA, 40 wt% MMA and 3 wt% AA) were added in the flask. The mixture was kept stirring for half an hour at 70 °C to obtain seed emulsion. Then, 68 g pre-emulsified monomer (the same ratio as mentioned above), 3 g MS-1, 1.5 g TX-10, and 2.5 g ammonium persulfate solution were added successively (total time: about 2.5 h) into above seed emulsion. Subsequently, the reaction temperature was raised to 85 °C and was kept for 0.5 h.
Characterization
The incorporation of silica nanoparticles into PA matrix was examined by ATR-FTIR and FT-IR imaging that carried on Bio-Rad (Cambridge, MA) FT-60A step-scanning Stringray 6000 FT-IR spectrometer with UMA 300A FT-IR microscope and 64×64 MCT focal plane array (FPA) detector. FT-IR spectra were recorded in the range of 450-4000 cm -1 using AVATAR-360 (KBr disk, 64 scans, 4 cm -1 resolution). The surface morphology of the SIAP/PA latex was observed by TEM using HITACHI H-600. Atomic force microscopy (AFM) topographies were obtained using Digital Instruments PSI AutoCP-Research AFM equipped with E-scanner. Tapping mode silicon nitride cantilevers TESP with nominal spring constants of 20-100 N/m and nominal resonance frequencies of 200-400 kHz were employed. A piece of freshly cleaved mica (ca. 5 mm × 5 mm) was used as a substrate for film preparation. The water contact angle analysis was performed on a contact angle meter apparatus (CA-A, Kyowa Interface Science Co. Ltd.) The particle sizes of emulsions were measured by using dynamic light scattering (DLS, Zetasizer 3000 HSA, Malvern Instruments). The samples of emulsions were diluted with deionized water to adjust the solid content to around 1 wt% and directly placed in the cell. The temperature of the cell was kept at around 25 °C. Tensile strength and elongation were measured on tensile tester (CCS-44000) with an across head speed of 100 mm/min at 18 °C.
